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a b s t r a c t

The development of a unified satellite climatology of aerosol properties requires accurate

quantification and deep understanding of the underlying factors contributing to

discrepancies between individual satellite products. In this paper we compare the most

recent level 2 results obtained for coincident pixels viewed at essentially the same time

by the Moderate Resolution Imaging Spectroradiometer (MODIS) and Multiangle Imaging

Spectroradiometer (MISR) instruments flown on the EOS Terra platform. This strategy

eliminates potential sampling effects and provides a virtually direct comparison of

spatially and temporally collocated MODIS and MISR retrievals. We show that the MODIS

and MISR Ångström exponent datasets reveal essentially no correlation. Although the

corresponding aerosol optical thickness (AOT) datasets can agree worse than expected

over the oceans, still the agreement is often satisfactory. However, the agreement over the

land is often poor or even unacceptable. Of the collocated pixels for which there is a

MODIS aerosol retrieval, only �40% or fewer pixels have a MISR aerosol retrieval, and vice

versa. These findings further illustrate the complexity of the problem of aerosol retrievals

from satellite observations and indicate that the creation of a meaningful unified

MODIS–MISR aerosol climatology will be a nontrivial task.

Published by Elsevier Ltd.

1. Introduction

Remote sensing from satellite platforms based on advanced radiative transfer and electromagnetic scattering models is
the only way to gather continuous global information about the spatial and temporal distribution of tropospheric aerosols.
With a nearly three-decade record, the aerosol product generated in the framework of the Global Aerosol Climatology
Project (GACP) [1–5] provides valuable information on potential global and regional long-term aerosol trends over the
oceans [6–8]. However, because the GACP algorithm is based only on channel-1 and -2 Advanced Very High Resolution
Radiometer (AVHRR) radiances, it has an inherently limited retrieval capability and must rely on many a priori assumptions
with regard to the numerous parameters of the atmosphere–surface system other than the aerosol optical thickness (AOT)
and Ångström exponent (AE) [1]. The absence of an on-board radiance calibrator serves to further exacerbate the problem.
The GACP AOT dataset has been calibrated versus ship-borne sun-photometer results [9,10]. However, it would be
preferable to base a systematic global test and final tuning of the GACP retrieval algorithm on comparisons with potentially
more advanced satellite aerosol products, e.g., the Moderate Resolution Imaging Spectroradiometer (MODIS) and
Multiangle Imaging Spectroradiometer (MISR) datasets. Indeed, this could provide additional constraints on the a priori
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assumptions used in the GACP retrieval algorithm and make them more realistic on the global scale. Of course this is also
true of the standard NOAA aerosol product based on channel-1 AVHRR data [11,12].

Previous studies have indicated that global monthly averages of the MODIS and MISR AOTs differ systematically by about
0.03–0.05 [4,13], with MODIS producing generally higher mid-visible AOTs than MISR over land and MISR producing generally
higher AOTs than MODIS over water (e.g., [14–17]). The likely contributors to the MODIS–MISR discrepancies include
differences in absolute radiometric calibration, cloud screening, algorithm assumptions regarding aerosol microphysical and
optical properties [18], and surface boundary conditions, as well as spatial sampling. Obviously, it would be problematic to give
preference to either of these two aerosol datasets or to create an integrated MODIS–MISR product without deep understanding
and accurate quantification of the underlying factors that contribute to the identified systematic discrepancies.

This overarching issue was articulated and discussed in our recent perspective [13]. In that paper we also made the first
attempt to analyze this problem on the regional scale by comparing level 3 MODIS and MISR products. Somewhat unexpectedly,
that comparison revealed substantial differences between regionally averaged MODIS and MISR AOTs, which significantly
exceeded the individual MODIS and MISR pixel-level accuracy claims as well as the maximal tolerable levels of uncertainty
dictated by the need to significantly improve our understanding of the direct and indirect effects of aerosols on climate [19,20].

An obvious shortcoming of that preliminary analysis is that its results could have been affected by MODIS–MISR
sampling differences. Therefore, the strategy adopted for this sequel paper is to eliminate the potential sampling effects
completely. To this end, we will compare level 2 results obtained only for coincident pixels viewed at exactly the same
time by the MODIS and MISR instruments flown on the same EOS Terra platform. In other words, we will analyze only
MODIS-Terra and MISR retrievals for collocated pixels within the significantly narrower MISR swath.

It should be noted that Kahn et al. [17] have recently published an in-depth analysis of selected MODIS and MISR AOT
retrievals over dark ocean water. However, their focus was on five specific Aerosol Robotic Network (AERONET) locations
and only on the days that were simultaneously declared cloud-free by the MODIS, MISR, and AERONET retrieval algorithms.
In contrast, our comparison strategy is based on a systematic use of large volumes of collocated MODIS and MISR data and
is expected to eventually yield a much better understanding of the strengths and limitations of the MODIS and MISR
aerosol datasets and their utility in regional and global climate studies.

2. MODIS and MISR data

The MODIS-Terra instrument has a viewing swath width of 2330 km and covers the entire surface of the Earth every 1–2
days with a moderate spatial resolution (250–1000 m). Its detectors yield radiance measurements in 36 spectral bands
ranging in wavelength from 400 to 14,400 nm, seven of which (nominal wavelengths 470, 550, 660, 870, 1240, 1640, and
2130 nm) are used to characterize aerosol optical properties. MODIS includes on-orbit calibration [21]. A detailed
description of the aerosol-retrieval algorithm can be found in [22–24]. It has been claimed that one standard deviation of
MODIS AOT retrievals fall within the predicted uncertainty of D(AOT) ¼70.0370.05�AOT over ocean and
D(AOT) ¼70.0570.15�AOT over land, while one standard deviation of MODIS effective radius retrievals fall within
Dreff ¼70.11 mm [24].

In this study, we use the recently released MODIS collection 5 level 2 aerosol products that are available from the NASA
Goddard Space Flight Center’s Atmosphere Archive and Distribution System (http://ladsweb.nascom.nasa.gov). The MODIS
level 2 standard aerosol product reports AOT on a 10 km grid of 10�10 1-km pixels, along with the AE, effective radius, and
fine mode fraction retrieved over both land and ocean. Each MODIS orbit is separated into 5-min chunks called ‘‘granules’’.
The size of each granule is about 2030 km (about 203 scans of 10 km) along the orbital path.

The MISR instrument consists of nine pushbroom cameras that view the Earth in nine different directions (four forward,
four backward, and nadir) at four wavelengths (446, 558, 672, and 866 nm) and also includes in-flight radiance calibration
[25]. MISR has a 360-km-wide swath, taking 9 days for complete global coverage. The aerosol-retrieval methodologies used
with MISR data have been described in [26,27]. It has been claimed that about 2/3 of the MISR AOT values fall within 70.05
or 70.2�AOT of AERONET, while more than a third are within 70.03 or 70.1�AOT [28].

The MISR product, downloadable through the NASA Langley Research Center’s Atmospheric Sciences Data Center
(http://eosweb.larc.nasa.gov), consists of the AOT, AE, and aerosol type retrieved over both land and ocean. MISR level 2
products are in swaths, each derived from a single MISR orbit, where the imagery is 360 km wide and approximately
20,000 km long. The MISR level 2 standard aerosol product reports the AOT and the other aerosol parameters on a 17.6 km
grid of 16�16 1.1-km pixels.

We have downloaded and analyzed 2 full months of level 2 MODIS-Terra collection 5 and MISR version 18 aerosol data
corresponding to January and July 2006. However, to save space the following discussion will be largely focused on January
2006 data. The data are written as scientific datasets (SDSs) in the HDF format. In what follows, unless mentioned
otherwise, we refer to MODIS 10 km resolution or MISR 17.6 km resolution level 2 grids as pixels. The SDSs that we use in
this study include the following.

For MODIS:

� Corrected_Optical_Depth_Land
� Angstrom_Exponent_Land
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� Quality_Assurance_Land
� Cloud_Fraction_Land
� Effective_Optical_Depth_Average_Ocean
� Angstrom_Exponent_1_Ocean
� Quality_Assurance_Ocean
� Cloud_Fraction_Ocean

For MISR:

� RegBestEstimateSpectralOptDepth
� RegBestEstimateAngstromExponent
� RetrAppMask

3. Comparisons of January 2006 MODIS and MISR results

3.1. Global comparisons

Fig. 1 compares MODIS and MISR AOTs at a wavelength of 550 nm retrieved for coincident MODIS and MISR pixels over
the land (left-hand panel) and the oceans (right-hand panel). All MODIS and MISR pixels are collocated to within 3.3 km
and �3 min. There is a total of 290,430 collocated MISR and MODIS pixels with retrieved AOT, of which 84,732 are over the
land and 205,698 are over water surfaces. Of course, the total number of collocated MODIS and MISR pixels is much larger
than 290,430, but the MODIS dataset, the MISR dataset, or both do not have aerosol-retrieval results over the remaining
collocated pixels.

It can be seen that the MODIS–MISR differences are especially large over the land. The agreement between the two
datasets is considerably better over the oceans, which is not surprising since the retrieval of aerosol properties over dark
underlying surfaces is a much easier task [1]. The respective globally averaged AOTs over the oceans agree much better:
0.132 for MODIS and 0.138 for MISR. However, MODIS yields a much lower globally averaged AOT over the land, viz., 0.130
versus 0.174 for MISR. This result appears to disagree with some of the previous assessments, which can be due to our
calculation of averages based on collocated pixels rather than the entire datasets, to our use of only 1 month of data,
and/or due to our use of the most recent MODIS and MISR products. However, it does appear somewhat suspicious
that the average MODIS AOTs over the land and over the oceans are virtually the same since one would typically
expect the atmosphere to be cleaner over the oceans. Obviously, further studies are needed before drawing a definitive
conclusion.

Fig. 2 compares MODIS and MISR AOTs at 550 nm over the oceans under different cloud conditions ranging from
‘‘perfectly clear’’ skies to cloud fractions over 80%. The cloud fraction data used here are taken from the MODIS retrieval
results. The MODIS and MISR AOT retrievals agree significantly better when the cloud fraction is small. The linear
correlation coefficient between the two datasets is 0.922 for cloud-free conditions and gradually decreases to 0.896, 0.884,
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Fig. 1. Scatter plots of coincident MISR vs. MODIS-Terra AOTs for January 2006. The straight dotted line depicts the one-to-one perfect agreement.
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0.882, 0.860, and 0.725 with the cloud fraction increasing from 0–20% to 80–100%. The goodness of the linear regression fit
also deteriorates from AOTMISR ¼ 0.041+0.732�AOTMODIS for zero cloud fraction to AOTMISR ¼ 0.067+0.585�AOTMODIS for
cloud fractions exceeding 80%. This is not surprising: as the cloud fraction increases, the aerosol retrievals can be expected
to suffer progressively more from potential cloud contamination and 3D cloud illumination effects.

Fig. 3 parallels Fig. 1 and compares MODIS-Terra and MISR AEs. The MISR AE is calculated as a least-square linear fit to
the logarithm of the AOTs evaluated at all four MISR wavelengths. The MODIS AE is computed using the 470 and 670 nm
channels over the land and 550 and 860 nm channels over the oceans. Somewhat unexpectedly, both scatter plots show
virtually no correlation between the MODIS and MISR AEs. Furthermore, one can see that the MODIS AEs retrieved over the
land strongly cluster at values �0.6–0.7 and �1.6–1.8.

To further quantify the comparison shown in Fig. 1, we have evaluated the fractions of data points satisfying the
following four criteria motivated by the published MODIS and MISR AOT retrieval accuracy claims:

jAOTMODIS � AOTMISRj

maxðjAOTMODISj; jAOTMISRjÞ
o0:1 over ocean, (1)

jAOTMODIS � AOTMISRjo0:03 over ocean, (2)
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Fig. 2. MISR vs. MODIS AOTs at 550 nm over the oceans for six cloud fraction ranges: 0%, 0–20%, 20–40%, 40–60%, 60–80%, and 80–100%. The straight

dotted lines depict the one-to-one perfect agreement.
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jAOTMODIS � AOTMISRj

maxðjAOTMODISj; jAOTMISRjÞ
o0:15 over land, (3)

jAOTMODIS � AOTMISRjo0:05 over land. (4)

We have found that the fractions of pixels satisfying criteria (1), (2), and either (1) or (2) over the oceans are 27.9%, 57.0%,
and 57.3%, respectively. Over the land, the fractions of pixels satisfying criteria (3), (4), and either (3) or (4) are 12.3%, 28.2%,
and 29.1%, respectively. These results demonstrate again that accurate radiometry-based AOT retrievals over the land are
highly problematic.

3.2. Regional comparisons

To help identify regional AOT differences and correlate them with the expected predominant aerosol compositions, we have
selected a number of specific geographic locations as shown in Fig. 4. These regions are believed to represent major aerosol
types, e.g., dust over the Persian Gulf and the Sahara desert areas as well as off the west coast of Africa; biomass burning in
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Fig. 3. MISR vs. MODIS-Terra AEs. The straight dotted lines depict the one-to-one perfect agreement.

Fig. 4. Regions selected for MODIS–MISR AOT comparisons.
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South America; biomass burning combined with the southward flow of mineral dust over the Sahel; sea salt aerosols over the
South Ocean and Central Pacific areas; and regions affected by both natural and anthropogenic aerosol components with no
single predominant aerosol species (Eastern United States, Western Europe, East Asia, North Atlantic, and North Pacific).

We compare separately AOT retrievals over water surfaces (Fig. 5) and over land areas (Fig. 6) whenever the specified regions
contain both surface types, because both the MODIS and the MISR results are based on separate algorithms for performing
retrievals over the oceans and over the land. One can see that although the MODIS–MISR agreement over the oceans is often
worse than expected, in many cases it is acceptable (Fig. 5). However, the agreement over the land areas is often poor (Fig. 6).

Although the pixel-level MODIS and MISR results disagree considerably over the oceans, the differences in the
corresponding regional averages turn out to be smaller than 0.004 in regions such as the Persian Gulf and South Ocean. In
general, the comparison of regional AOT averages in Table 1 illustrates why it is so important to compare and analyze
level 2 data. Interestingly, there are so many MODIS pixels over the land with negative or very small positive AOT values
(the MODIS AOT look-up table range is between �0.1 and 5) that the average AOT is only 0.029 in the South American
region, in contrast to the 0.139 MISR average. Furthermore, both the MODIS and the MISR AOT values over the land in such
regions as Western Europe, East Asia, Eastern USA, and South America are surprisingly small and, in fact, are significantly
smaller than those over the contiguous ocean areas. This likely indicates the failure of both algorithms to retrieve AOTs over
the corresponding types of land surface.

3.3. Further analysis of global results

There are 745,068 collocated MODIS and MISR pixels for which the MODIS algorithm produced AOT results. Among them,
290,430 pixels have MISR aerosol retrievals and 454,638 pixels do not. The above analysis concerns the 290,430 pairs of
coincident MODIS and MISR pixels that both have aerosol-retrieval results. However, the probability of not having
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a collocated MISR retrieval is significantly greater than the probability of having it: 61% as opposed to 39%. It is therefore
important to analyze the reasons behind the lack of a MISR retrieval for a pixel which the MODIS retrieval algorithm
considers suitable. Such information is available from the MISR product called SubregParamsAer (retrieval applicability
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Fig. 6. Regional comparisons of collocated MODIS and MISR level 2 AOTs over land. The straight dotted lines depict the one-to-one perfect agreement.

Table 1
Regional AOT averages

Region Over land Over ocean

MODIS MISR MODIS MISR

South Ocean 0.089 0.091 0.111 0.111

NW Africa 0.217 0.337 0.122 0.121

N. Atlantic – – 0.130 0.141

Central Pacific 0.137 0.121 0.116 0.112

N. Pacific – – 0.173 0.170

Sahel 0.233 0.405 0.556 0.431

S. Africa 0.113 0.172 0.127 0.168

Persian Gulf 0.188 0.182 0.204 0.208

W. Europe 0.062 0.064 0.108 0.132

E. Asia 0.225 0.178 0.263 0.240

E. USA 0.032 0.055 0.137 0.151

S. America 0.029 0.139 0.153 0.178

Sahara 0.124 0.159 – –
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mask). The dataset contains information on the retrieval status for each 1.1-km subregion for a given camera view
(1–9) and spectral band (1–4). The fractional distribution of the reasons for not performing an aerosol retrieval is as follows:

0.1129 Clear

0.1318 Missing data

0.0007 Poor quality

0.0735 Glitter-contaminated

0.0037 Topography obscured

0.0000 Topography shadowed

0.0000 Topography complex

0.0216 Cloudy

0.0000 Cloud shadow

0.0885 Not smooth

0.1402 Not correlated

0.4111 Region not suitable

0.0065 Optically thick

0.0000 Too bright

0.0095 Fill value

The definitions of these categories can be found in the MISR ‘‘Level 2 Aerosol Retrieval Algorithm Theoretical Basis’’
document, Section 3.3.8 ‘‘Filter out unusable or contaminated subregions or channels’’ (http://eospso.gsfc.nasa.gov/
eos_homepage/for_scientists/atbd/viewInstrument.php?instrument=19). Note that the MISR standard aerosol product
reports AOTs on a 17.6-km grid. To make use of the information provided in the retrieval applicability mask, one must group
all 16�16 1.1-km subregions into a 17.6 km pixel and then compute the corresponding statistics.

Of the pixels that the MODIS algorithm considers suitable, about 41% are considered by the MISR algorithm as
unsuitable, 14% are discarded because of poor correlation of the equivalent reflectance spatial distribution from one view
angle to another, and 13% are discarded because of missing data. There is an 11% probability that even a clear-sky pixel will
be discarded, perhaps because at least one of the retrieved parameters happens to be out of its respective allowable range.
In other words, because of the use of different retrieval approaches and because of different types of input radiance data,
the MODIS and MISR algorithms quite often disagree over whether a pixel is even suitable for an aerosol retrieval. For
example, the MISR multiangle capability can be used to impose an additional constraint such as the angle-to-angle
correlation of the equivalent reflectances, which is something that the MODIS algorithm cannot have. This selection
disagreement is only exacerbated by the frequent subsequent disagreements between the retrieved aerosol characteristics
even for pixels considered suitable by both algorithms.

There is a total of 784,417 coincident MODIS and MISR pixels for which the MISR algorithm yielded an aerosol
retrieval. Among them, there are only 285,699 pixels (or 36.4%) for which the MODIS algorithm yielded an aerosol retrieval,
while the remaining 498,718 pixels (or 63.6%) have been rejected as unsuitable. Similar to MISR’s retrieval applicability mask,
but in a statistical fashion based on a 1-km subgrid retrieval status, the MODIS QA parameter (Quality_Assurance_Land and
Quality_Assurance_Ocean; for description see http://modis-atmos.gsfc.nasa.gov/_docs/QA_Plan_2007_04_12.pdf) indicates the
retrieval status for each level 2 grid. However, if there are multiple reasons for not making a retrieval in the designated pixel,
the QA parameter reveals only one of them (L. Remer, personal communication).

The reasons as to why no MODIS inversion was performed for coincident pixels for which the MISR algorithm generated
aerosol results are as follows.

Over land:

0.0539 No error

0.7091 Solar and observation angles out-of-bounds in look-up table

0.0000 Apparent reflectance out-of-bounds in look-up table

0.2370 Number of cloud and water-free pixels not met

0.0000 Thresholds of 2.1mm not met

0.0000 Thresholds of 3.8 mm not met

0.0000 Thin cirrus detection not met

Over ocean:

0.0000 Retrieval is performed

0.8618 Glitter is present

0.1235 Cloudy

0.0000 R (0.865 mm) too low for retrieving optical thickness

0.0000 Total number of available VIS/SWIR wavelength bands (from 550 and 1240 nm) is insufficient

0.0000 Total number of available wavelengths o3

0.0147 Angles out-of-bounds

0.0000 Land present in 10�10 km box

0.0000 AOT (550 nm) o�0.01; algorithm found negative values of optical thickness (there is a problem)

0.0000 AOT (550 nm) 4 5.0; out-of-bounds in look-up table

0.0000 All channels do not have valid data

Thus over the oceans, the presence of a sun glint is the most important factor for the lack of a MODIS retrieval.
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4. Conclusions

It follows from our analysis of coincident MODIS and MISR level 2 aerosol data that the collocated MODIS and MISR
AOTs can substantially disagree both regionally and globally. It comes as no surprise that the agreement between the two
datasets is better over the oceans than over the land. In this respect, it will be interesting to compare MISR retrievals over
the land with the MODIS-based Deep Blue dataset [29]. Over water surfaces, the agreement improves under no-cloud or
low-cloud conditions, with very few outliers, and worsens as the cloud fraction increases. There is essentially no correlation
between the retrieved AEs. Thus our new results indicate that the significant discrepancies between the MODIS and MISR
level 3 data identified in [13] cannot be attributed only to sampling effects.

Of the collocated pixels for which there is a MODIS aerosol retrieval, only �40% or fewer pixels have a MISR aerosol
retrieval, and vice versa. This is mostly explained by the different characteristics of the MODIS and MISR observation
strategies and the resulting differences in the corresponding retrieval algorithms. It was pointed out in [17] that MODIS and
MISR retrieval areas over water surfaces frequently do not overlap since the MODIS observation direction can often be in
the sun glint, whereas the MISR retrieval relies on the off-nadir cameras when the nadir view is glint-contaminated. This
conclusion is obviously reinforced by our results. Also, in more than 40% of the cases MISR and MODIS disagreed over
whether a region is suitable for aerosol retrieval. The cloud/no-cloud decisions made by the MODIS and MISR cloud
screening procedures are not always the same. Quite often pixels were declared CLEAR by one algorithm but CLOUDY by the
other. It is important to keep in mind that our analysis does not provide information on how often a scene is erroneously
classified as either clear or cloudy by both algorithms simultaneously. This is an additional important source of aerosol-
retrieval errors requiring a separate study [1,30].

Although our analysis reveals large MODIS–MISR differences in the retrieved aerosol parameters, it cannot be used to
determine which algorithm yields a more accurate retrieval in each particular case or which algorithm is better in general.
The reader may recall that a decade ago both instruments were planned to provide a dramatic improvement in the aerosol-
retrieval capability from space. However, the identified differences between the MODIS and MISR level 2 results often
significantly exceed the respective accuracy claims, which may indicate that neither instrument actually provides the
expected improvement in a well-characterized and quantified way. Indeed, even when the MODIS and MISR retrieval
algorithms make the same cloud/no-cloud decision for a scene and do perform an aerosol retrieval, there are often
significant differences between the respective aerosol products caused by inherent differences in the sensitivity of MODIS
and MISR radiances to the various parameters of the atmosphere–surface system. For example, the MISR instrument
provides the multiangle observation capability important for identifying nonspherical aerosols [3,31–35] but cannot have
adequate sensitivity to the presence of sub-visible cirrus clouds because of its limited spectral range. The absence of a
meaningful correlation between the MODIS and MISR AEs likely indicates that the retrievals of the aerosol microphysics
and number density with these radiometry-based instruments are highly unreliable [36]. Overall, these results
demonstrate the urgency of flying a dedicated high-accuracy aerosol–cloud polarimeter such as the Aerosol Polarimetry
Sensor [37].

Although we have explicitly presented comparison results for the month of January 2006, analogous comparisons of July
2006 MODIS and MISR retrievals lead to essentially the same conclusions. Thus our findings further illustrate the
complexity of the problem of aerosol retrievals from satellite observations [13,19,37–40]. Unfortunately, they also imply
that the creation of a unified MODIS–MISR aerosol climatology is likely to be a more nontrivial task than one might have
expected, especially over the land.
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